Background
Introduction
The crucial contribution of platelets to lesion development after ischemic stroke (IS) has gained widespread acceptance [1, 2] , although their specific pathophysiologic role and interactions with endothelial or immune cells have not been wholly delineated. With the aid of transgenic mouse models and specific antibodies, extensive studies in the area of experimental stroke research have proved successful in distinguishing the pathways involved in pathologic thrombus formation [2, 3] .
In conventional terms, arterial thrombus formation can be considered to be a dynamic and multistep process, whereby platelets initially flow over vascular lesions, decelerate and subsequently 'tether' to the damaged vascular endothelium as a result of interactions with endothelium-derived von Willebrand factor (VWF) and the platelet-specific glycoprotein (GP) Ib-V-IX receptor complex [2, 3] . In consequent steps, platelet GPVI receptors bind to sub-endothelial collagen while simultaneously activating platelets that, in turn, produce a conformational change in the GPIIb/IIIa receptors. Finally, activated GPIIb/IIIa receptors promote platelet aggregation by binding fibrinogen, which acts as a substrate for recruitment of additional platelets to the lesion site [2, 3] .
Evidence shows that inhibition of GPIb and GPVI receptors by antibodies or antibody fragments protects against IS formation in mice models of transient middle cerebral artery occlusion, without elevating the risk of bleeding complications [4, 5] . Conversely, blockade of the final step of thrombus formation with monoclonal GPIIb/IIIa antibodies has not been shown to protect animals from IS and leads instead to increased rates of cerebral hemorrhage [4] . The observation that GPIb receptors not only stimulate thrombus formation, but also mediate inflammatory processes [6, 7] may provide a rational explanation for the high efficacy seen in experimental stroke models of GPIb blockade.
In contrast to non-clinical models, there is limited knowledge surrounding the role and pathophysiologic relevance of GPIb and GPIIb/IIIa receptors in human stroke development. At best, a series of publications has focused on distinct platelet GP polymorphisms and their role as risk factors for vascular diseases, but the results remain controversial. It has been shown that the Kozak dimorphism of GPIb, but not the human platelet antigen (HPA)-Ib polymorphism, was associated with an increased risk of IS [8, 9] . Another study reported that GPIb receptor numbers were elevated in patients with post-stroke depression [10] . Nevertheless, to date, the fundamental importance of GPIb and GPIIb/IIIa receptors in the clinical setting has been rarely investigated beyond genetic polymorphisms, and the factors that influence the expression of these GP receptor sub-types warrant identification. As the main ligand of the GPIb receptor, VWF is differentially regulated in patients with acute ischemic stroke (AIS)/transient ischemic attack (TIA) and chronic cerebrovascular diseases (CCD), as well as in healthy volunteers (HV) [11] , whereas the regulation of GPIb and GPIIb/IIIa receptors has not yet been assessed in detail.
Additionally, despite experimental evidence that platelets have an important role in atherosclerotic plaque pathophysiology [12, 13] very few studies have specifically examined the regulation of the GPIb and GPIIb/IIIa receptors in patients with CCD [14] [15] [16] .
Aims
This case-control study was conducted to evaluate whether GPIb and GPIIb/IIIa receptor numbers per single platelet differ between patients with acute cerebrovascular events (AIS/ TIA) and those with CCD, and to identify demographic and clinical factors associated with GPIb and GPIIb/IIIa receptor counts.
Methods

Data collection
Patients with acute cerebrovascular events (AIS/TIA) and CCD were included, as were HV from the local population who were used as controls in the study. All patients and subjects participating in the study met the following inclusion criteria: blood withdrawal within 24 hours after symptom onset in patients with AIS (defined as acute ischemic lesion on brain imaging) and TIA (no acute lesion); presentation with extracranial and/or intracranial stenosis of the large cerebral arteries with (n = 66) or without (n = 51) a history of AIS or TIA for the CCD group; and age 50 years, no history of stroke, myocardial infarction, or peripheral arterial disease for the HV group. Patients with intracerebral hemorrhage, age <18 years, known plasmatic coagulation disorder or platelet dysfunction based on a detailed medical history were excluded from the study.
Study participants were consecutively recruited from the Stroke Unit (inpatients diagnosed with TIA or AIS), the outpatient department for CCD, or from a convenient sample of the local population (HV) after responding to poster requests at the Neurology Department, University Hospital of Würzburg, Germany, between September 2010 and January 2013. Informed written consent was obtained from all participants. The study protocol was approved by the ethics committee of the medical faculty of the University of Würzburg, Germany (reference number 65/2010). Overall, 116 patients with AIS or TIA, 117 patients with CCD, and 104 HV were eligible to participate in the study. Study participation did not affect treatment and patient care.
TOAST (Trial of Org 10172 in Acute Stroke Treatment) criteria [17] were applied to patients with AIS or TIA in an adapted format: (1) cardioembolism; (2) large-artery atherosclerosis; (3) small-vessel occlusion; or (4) other determined or undetermined etiology. Moreover, the National Institutes of Health Stroke Scale (NIHSS) [18] and Barthel Index score [19] were documented on patient admission, in addition to data on the interval between symptom onset and blood withdrawal, platelet inhibitor pretreatment, and acute stroke therapy modality (thrombolysis vs. no thrombolysis).
Cerebral lesion volume was measured using MIPAV software (medical image processing, analysis and visualization, Bethesda, US) on the basis of routine diffusion-weighted images (DWI) in a blinded fashion.
Blood collection and measurements
Blood was drawn for sampling from an antecubital vein between 08.00 and 12.00 hours on day 0, 1, and 3 in the acute TIA or stroke group, and once in patients with CCD and HV using a 21-gauge butterfly needle. Specific standard operating procedures were followed for preanalytic preparations for blood collection. Only non-hemolyzed blood samples were analyzed.
The number of GPIb and GPIIb/IIIa receptors per single platelet was measured using a commercially available fluorescent-activated cell sorting (FACS) kit (Biocytex, ID 7004, Marseille, France) according to manufacturer's instructions. After the staining procedure, platelet receptors were quantified by FACS analysis (FACSCalibur, Becton Dickinson, Heidelberg, Germany) using beads that enabled quantification of the distinct number of receptors per single platelet based on mean fluorescence intensity. Differential hematology parameters and Creactive protein (CRP, measured in the AIS/TIA group) were analyzed at the Division of Laboratory Medicine of the University Hospital Würzburg.
Statistical analysis
Continuous variables are expressed as mean with standard deviation or median with interquartile range (as appropriate), whereas categorical variables are presented as percentages. The association between the number of GPIb or GPIIb/IIIa receptors and demographic and clinical characteristics (age, sex, neurologic scales, disease modality [TIA or AIS], TOAST criteria, duration between symptom onset and blood withdrawal, NIHSS, Barthel Index, treatment modality [intravenous thrombolysis or not], and intake of platelet inhibitors in the days before blood withdrawal) was explored using analysis of variance (ANOVA) and the chi-square test. P values for comparisons across groups of clinical and demographic characteristics were derived from the aforementioned analyses, as appropriate. In order to identify potential predictors of GPIb and GPIIb/IIIa receptor numbers, a linear regression model was applied that included all variables without collinearity in a multivariate model with adjustment for age and sex. Coefficients and corresponding 95% confidence intervals were estimated using the model. GPIb and GPIIb/IIIa receptor numbers were compared between the different patient groups (AIS/TIA inpatients, CCD outpatients, or HV), and distributions analyzed using the KolmogorovSmirnov test. Numbers of GPIb and GPIIb/IIIa receptors were assumed to form a normal distribution, which were compared using ANOVA with a Bonferroni post-hoc test and additionally adjusted for age and sex. All reported P values are two-sided, with a P value <0.05 considered to be statistically significant. Analyses were performed using SPSS Version 21 and SAS software version 9.1 (SAS Institute Inc., Cary, NC).
Results
Descriptive analysis of the patients with an acute cerebrovascular event
Overall, 116 patients with AIS/TIA were included in the study, with a mean age of 70 ± 12 years and a predominance of males (53%). In patients with AIS or TIA, the baseline clinical severity measured with NIHSS and Barthel Index was 4.8 ± 6.0 and 74 ± 30, respectively. More than half of the patients had an AIS (58%). The demographic and clinical characteristics of patients with acute cerebrovascular events are summarized in Table 1 .
Comparison of GPIb and GPIIb/IIIa receptor numbers in patients with AIS/TIA, CCD, and HV Platelet-expressed GPIb and GPIIb/IIIa receptor numbers in patients with AIS/TIA and CCD compared with HV subjects are shown in Table 2 . Primary analyses of data-that is, without adjustment for confounding factors-revealed significantly higher GPIb receptor numbers in patients with CCD (44078 ± 9492) compared with the HV (40965 ± 5890, P < 0.01) and AIS/ TIA (41060 ± 6318, P < 0.01) groups, but this difference was eliminated after adjustment for age and sex in multivariate analysis ( Table 2) . As observed for GPIb, GPIIb/IIIa receptor numbers did not differ between any of the groups investigated (P = 0.87) ( Table 2) .
Relationship between GPIb and GPIIb/IIIa receptor numbers and key demographic and clinical parameters in patients with an acute cerebrovascular event
In correlation analyses, the number of GPIb receptors was significantly associated with GPIIb/ IIIa receptor numbers (r = 0.44, P < 0.001) and neutrophil counts (r = 0.23, P = 0.01). GPIIb/IIIa Heart failure 5 (4)
Coronary artery disease 8
Family history of stroke 11 (9) Smoking, n (%) 18 (16) Platelet inhibitor before blood withdrawal, n (%) 87 (75)
Anticoagulation before blood withdrawal, n (%) 8
Lipid-lowering drug before blood withdrawal, n (%) 36 (31) receptor expression was not associated with peripheral immune-cell sub-populations. In univariate analysis, neither GPIb nor GPIIb/IIIa receptor numbers correlated with CRP levels (P > 0.15). There was no correlation between cerebral lesion volume and GPIb (r = -0.15, P = 0.26) or GPIIb/ IIIa receptor numbers (r = -0.06, P = 0.67) on day 0, respectively (data not shown).
Results from univariate analysis of the association between GPIb and GPIIb/IIIa receptor numbers and key demographic and clinical characteristics are summarized in Table 3 . Only female sex displayed a trend towards association with GPIb receptor numbers (P = 0.06). GPIb and GPIIb/IIIa receptor counts per single platelet were not associated with patient age, disease (AIS vs. TIA), treatment modality (thrombolysis vs. no thrombolysis), etiology, severity of stroke (NIHSS, Barthel index), or antithrombotic treatment before stroke onset.
In the multivariate analysis (adjusted for age and sex), CRP was identified as an independent predictor of GPIIb/IIIa (P = 0.03) but not of GPIb (P = 0.73) receptor numbers. The trend towards an association between sex and GPIb receptor count was maintained in the multivariate analysis (P = 0.07). As observed for univariate analysis, other demographic and clinical parameters were not associated with GPIb or GPIIb/IIIa receptor numbers after multivariate adjustment (Table 4) . Additionally, the time point of blood withdrawal (days 0, 1, and 3) did not influence GPIb (P = 0.77) and GPIIb/IIIa (P = 0.26) receptor numbers (data not shown).
Discussion
To the best of our knowledge, no published study has systematically assessed GPIb and GPIIb/ IIIa receptor numbers in patients with AIS/TIA and CCD. The findings from this casecontrol study showed that GPIb and GPIIb/IIIa platelet receptors are not differentially regulated in patients with AIS/TIA or in patients with CCD or in HV. Nevertheless, within the AIS/ TIA group, inflammatory markers were positively correlated with GP receptor numbers (GPIb with neutrophils; GPIIb/IIIa with CRP), thus being indicative of an association between thrombus formation and inflammatory processes.
As observed with GPIb inhibition [4] , blockade of VWF also leads to profound protection from IS in mice [20, 21] . To evaluate the regulation of VWF in humans, we previously assessed serum levels in the population reported in this study and observed differential regulation of VWF, with higher levels in patients with CCD compared with HV, and patients with AIS/TIA having even higher levels than the CCD group [11] . Therefore, in this study, the finding that GPIb receptor numbers are unchanged between these patient groups is unexpected at first glance. However, a potential explanation for the lack of differentiation between GPIb receptor numbers is the postulated downregulation of GPIb receptors as a result of ectodomain shedding that is induced by platelet agonists during modulation of platelet function [22] . Indeed, a recent study of Chinese patients with atherosclerotic IS demonstrated lower expression levels of GPIb but higher levels of a disintegrin and metalloproteinase 17 (ADAM17), an enzyme that has been reported to play a major role in GPIb shedding [23] . In our study, GPIb and GPIIb/IIIa receptor numbers correlated with inflammatory processes such as neutrophil count and CRP levels. This relationship between platelet markers and inflammation is in accordance with our novel theory, which defines stroke as a thromboinflammatory disease rather than solely a thrombotic disease. Thrombo-inflammation is recognized as being an important mediator of IS pathophysiology in rodents [24] [25] [26] , which, in broad terms, can be defined as the interaction of thrombotic (e.g. coagulation factors, platelets) and inflammatory (e.g. immune cells) processes at the ischemic neurovascular unit [6, 7] . In IS, similar associations between thrombotic and inflammatory markers have also been described for plasma coagulation factors such as VWF [11] and factor XII [27] .
To date, there have been few or no standardized assessments of GPIb and GPIIb/IIIa receptors in patients with CCD. Our findings of minimal variation in GPIb and GPIIb/IIIa receptor numbers in the CCD group versus the AIS/TIA group and HV (in multivariate analysis) does not preclude a pathophysiologic role for these platelet receptors. Nevertheless, recent publications suggest that the GPIb-V-IX receptor complex and GPIIb/IIIa receptors are not essential for the development of atherosclerotic lesions [14, 15, 28, 29] , although platelets are implicated in the early stages of atherosclerosis [29, 30] .
The limitations of this study require some consideration. It should be borne in mind that the potential for reverse causation induced by blood withdrawal post-cerebrovascular events cannot be disregarded. Thus, our study describes the degree and significance of associations between GPIb and GPIIb/IIIa receptor numbers and demographic/clinical parameters without assigning causality. Instead, prospective studies are warranted to address this limitation. Due to ethical constraints, which precluded the recruitment of individuals who were unable to provide informed consent, it may not have been possible to ensure that patients with very large strokes and/or aphasia were fully represented in our study. Moreover, a non-vascular origin for symptoms could not be completely discounted in 42% of the TIA patient population, and 7% of patients with AIS/TIA were administered anticoagulant treatment. Thus, there remains a possibility that the aforementioned factors may have influenced the regulation of GPIb and GPIIb/IIIa receptors.
Conclusions
Results from this study did not show differential regulation of platelet GPIb and GPIIb/IIIa receptors in patients with AIS or CCD. Hence, our findings suggest that GPIb and GPIIb/IIIa receptor quantification is unlikely to represent a clinically valid method for delineating patients at risk of a cerebrovascular event.
